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Composite Higgs models generically predict the existence of heavy spin-1 resonances with the same 
quantum numbers as electroweak gauge bosons. The effective lagrangian description of these resonances 
is presented, pointing out the origin of their interactions with SM matter fields and the resulting LHC 
phenomenology. Search strategies for spin-1 resonances are discussed, mentioning possible advantages 
offered by boosted decay products. The impact of interactions between spin-1 resonances and fermion 
resonances, crucial for the proper interpretation of LHC searches, is pointed out. 


1 Introduction 

Composite Higgs models invoke electroweak symmetry breaking by new strong dynamics, in analogy 
with chiral symmetry breaking in QCD, without introducing the hierarchy problem. In order to be con¬ 
sistent with the measured properties of the Higgs boson and the non-observation of new particles beyond 
the Standard Model, the composite Higgs is a pseudo-Nambu-Goldstone (PNG) boson of some global 
symmetry of the new strong sector, similar to the pion of QCD. The minimal composite Higgs model 
(MCHM)^ is based on SO{5) -A SO{4:) ~ SU{2)l x SU{2)ji global symmetry breaking, inducing a 
full pseudo-Goldstone Higgs doublet. 

In the effective Lagrangian description, which will be used throughout this note, the PNG bosons 
H (x) = n“ (x) T“ of SO{5) -A SO{4) are parameterized by U (H) = transforming as 

U{U)^gU (H) /it (H, g), gC 50(5), h G 50(4). (1) 

The leading order effective Lagrangian term describing self-interactions of these bosons takes the form 

= ( 2 ) 

where is defined by 

-iU^ D^U = (3) 

and T“, T“ are respectively the broken and unbroken generators of 50(5). The covariant derivative 
takes into account the external gauging and introduces interactions of the composite Higgs doublet with 
elektroweak bosons. Whenever the generators corresponding to the electroweak group are ’’missaligned” 
with the generators of 50(4), the electroweak symmetry is broken. Such ’’missalignement” is induced by 
loop corrections related to 50(5) violating Yukawa and gauge interactions. Naturalness of electroweak 


symmetry breaking requires that the fermion resonanees aeeompanying SM fermions in the eomposite 
Higgs framework have masses not far from the eleetroweak seale, mp < ITeV^. 

The generieally expeeted experimental signatures of strong eleetroweak symmetry breaking range 
from flavor physies, eleetroweak preeision data (S and T parameters), modifieation of Higgs eouplings 
to the direet observation of new states - fermion resonanees and spin-1 resonanees. In this note I address 
the phenomenology of spin-1 resonanees in eomposite Higgs models. 


2 Spin-1 resonances in composite Higgs models 


In order to speak about direet produetion and LHC phenomenology of spin-1 resonenees, one has to 
introduee them explieitly into the effeetive deseription. There are several formalisms that allow to do 
that, the CCWZ formalism^’^ and the ’’hidden loeal symmetry”^ formalism being the most popular ones. 
At leading order in the effeetive deseription, both these formalism lead to equivalent results. The spin- 
1 resonanees related io Q ^ T-L symmetry breaking are expeeted to appear in a representation of the 
unbroken global symmetry of strong dynamies, in the ease of MCHM - in representations of 50(4). 
In the ’’hidden loeal symmetry” formalism the effeetive Lagrangian for veetor mesons is eonstrueted 
by enlarging the symmetry strueture to ^ x Tiiocai —^ 'H, where Tiiocai is the ’’hidden” gauge group (a 
purely mathematieal tool, without physieal meaning). The ’’hidden loeal symmetry” is broken and its 
heavy gauge bosons provide degrees of freedom for the effeetive deseription of spin-1 resonanees. 
The effeetive deseription of a minimal eomposite Higgs model with a single set of spin-1 resonanees has, 
at the leading-order Lagrangian level, only three free parameters, whieh ean be ehosen as 


9pi C 


^EW 
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( 4 ) 


where rup is the mass of the set of veetor resonanees, gp is the ’’hidden” gauge eoupling and ^ deseribes 
the hierarehy between the weak seale and the energy seale of strong dynamies /. Parameter ^ also seales 
the departure from SM values of Higgs eouplings to eleetroweak gauge bosons, henee it is restrieted to 
be small ^ < 0.1 by experimental data. The interaetions of spin-1 resonanees with the Higgs boson are 
set by the symmetry breaking strueture and the PNG-boson nature of the Higgs. The interaetions of p 
resonanees with SM matter fields are indueed by two effeets 


1. mass mixing between p^ and W^, fields; this automatieally introduees interaetions of p res¬ 
onanees with eleetroweak gauge bosons and interaetions with SM fermions through mass mixing 
effeets feeding into the eovariant derivatives in fermion kinetie terms 

2. direet interaetions between p^ and fermion resonanees, whieh mass mix with SM fermions (partial 
eompositeness); the deseription of this effeet requires introdueing fermion resonanees into the 
effeetive Lagrangian, whieh is model dependent. 


Naive dimensional analysis (NDA) suggests a eonneetion between the parameters introdueed above, 
rUp ~ Ppf. In order to present a more general pieture, I will treat them for the time being as idependent 
parameters. In the following I eonsider only a single set of spin-1 resonanees transforming in the adjoint 
representation of SU{2)l, as on grounds of general arguments sueh resonenees are most likely to be 
most relevant for LHC searehes. 
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Figure 1 - Branching ratios of p resonances from p^ and W^, mass mixing effect. 
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Figure 2 - Production cross-sections of p resonances from p'* and W^, Z'^ mass mixing effect. 


2.1 p properties from mass mixing effects in the electroweak sector 

Let us first consider the effect of mass mixing between and fields alone. This leads fo fhe 

following decay widfhs for spin-1 resonances 


r (pO ^ W+W-) ? 

Ul^ 

a r (p° ^ zh) « % .. 
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The mixing angle befween and fields is proportional fo g/pp, hence if is nol surprising fhaf 

fhe deacy widfhs are suppressed by 1/g'j,. For sufficienfly large values of mp decays info gauge boson 
pairs and a gauge boson plus a Higgs boson will always dominafe. However, for small values of ^ fhe p 
resonance decays info fermion pairs are non-negligible, especially in fhe low mass region. This can be 
seen in figure 1 for a specific value of pp = 8 and fwo values of ^ = 0.1 (lefl) and ^ = 0.05 (righf). 
The LHC producfion of p resonances is dominafed by Drell-Yan qq —)■ p. The producfion cross-secfions 
for LHC@8TeV and LHC@13TeV are presented in figure 2 as a function of mp, again for a specific 
value of pp = 8 and fwo values of ^ = 0.1 (lefl) and ^ = 0.05 (righf). The dashed lines correspond 
fo fhe producfion of charged resonances, while fhe solid lines are represenf fhe production of neufral 
resonances. 

LHC exclusion limifs for fhe spin-1 resonance mass can be obfained by using fhe publicly available 
search resulfs for diboson, dilepfon and dijef resonances. Presenfly fhe mosf stringesf consfrainfs are 
given by CMS dilepfon resonance searches® and are presenled in figure 3 (lefl) in fhe pp — mp plane for 
specific values of ^ = 0.1, 0.05. The righf panel of figure 3 shows fhe predicted range of Ihese exclusion 
limifs for LHC@14TeV. The presenf day exclusion limifs on fhe mass of spin-1 resonances are slighfly 
below 2TeV, while fhe predicled fulure LHC reach goes somewhal above 3TeV. 

In order fo maximize fhe LHC pofenfial for fhe discovery of spin-1 resonances one should also make 
use of fhe decay channel p ^ Vh, which becomes dominanl in fhe high p mass region logelher wilh 
decays fo gauge boson pairs. Togefher wilh M.Hoffmann R.Nikolaidou and S.Paganis we have looked al 
fhe pofenfial impacf of an LHC search for heavy vecfor mesons decaying fo an eleclroweak gauge boson 
























Figure 3 - Exclusion limits for p resonances from p^ and mass mixing effect. 


and a Higgs boson, using the fact that the Higgs boson will be highly boosted^. Using &p±> 550 GeV 
cut on the transverse momentum of the Higgs system in very clean h —)> 77 and h ZZ^*^ U 
(where £ = e, p,V —)■ jj) decay channels allows for significant reduction of the SM background. This 
method can lead to exclusion limits on p mass ~ 3TeV at LHC@ 14TeV. 

2.2 The impact of interactions between p resonances and fermion resonances 

As mentioned before, the properties of spin-1 resonances rely not only on the effect of p^ and Z^ 
mass mixing, but also on the direct coupling between p^^ and fermion resonances, 

( 6 ) 

where T“ are generators of TL. The coupling constant is taken to be the same as for the p self-interaction 
which happens to be the case in most effective models. 

In the following I will present the approximate prediction of the impact of fermion resonances on 
the properties of p resonances transforming in the adjoint representation of 5(7(2)^ using a simple toy 
model. The p resonance discussed in the previous section couples to the component of f charged under 
SU (2) L, which I denote by In general mixes through the mass matrix with the SM fermion fields, 
forming new mass eigenstates. Before electroweak symmetry breaking the SM left-handed quark doublet 
qi mixes only with The quark mass matrix is diagonal for the following combinations 

q'^ = cos 9iqL - sin 6LijjL 

= sin 9Lqi + cos 6LipL (7) 

where the mixing angle is determined by the Yukawa structure of the specific fermion parfner consfruc- 
fion. The quark doublef q'^ corresponds fo massless fermion eigensfafes and plays fhe role of fhe SM-like 
leff-handed quark. It has an admixture from the composite fermion sector and following eq. 6 interacts 
directly with the spin-1 resonance pi through 

{-Wp sin^ GlTIpI fe. (8) 

Non-zero Higgs VEV generates further mixing effects in the fermion mass matrix. From the point of 
view of SM-like quark couplings to spin-1 resonances however the leading order effect is given by sin 0/, 
discussed above. In our LHC phenomenology analysis we take into account only this leading order 
effect. 

Fermion resonances exhibit mass mixing terms with SM fermions (partial compositeness), which 
leads to the modification of spin-1 resonance couplings to SM fermions. This effect is especially impor¬ 
tant in the top sector, where the degree of partial compositeness is expected to be largest. If the degree 
of partial compositeness in first two generations of quarks is small, then the effect of direct couplings 
between p resonances and fermion resonances does not affect production cross sections of p resonances. 
However, the coupling of p resonances to top quarks becomes modified, leading fo the modification of 
branching ratios and the overall decay width. More importantly, due to the direct coupling between p and 













Figure 4 - Branching ratios of p resonances including the effect of direct coupling to fermion resonances, for rriT > 2TeV 
(left) and rriT ~ O.STeV (right). 

fermion resonances, spin-1 resonances can decay into a pair fermion resonances or a fermion resonance 
plus a standard model fermion. The mixing in the fermion sector discussed above introduces couplings 
of a pl resonance to a light and a heavy fermion eigenstate 

{-idp sin 0L cos OlTIpI {-ipp sin Ol cos OlTIpI p) q'^. (9) 

along with a coupling oi pL with two heavy fermion eigenstates scaled by cos^ 6l- Due to naturalness 
arguments, top partners are expected to be light, hence the decay of p resonances into resonances related 
to the top sector is highly probable. Such a new decay channel for p can have a dramatic effect on LHC 
phenomenology of these resonances, on search strategies and interpretation of LHC limits. In order to 
show this effect let us consider two cases 

1. heavy top partner rriT ^ 2TeV 

2. light top partner tut ~ O.STeV. 

In the first case decays into fermion partners are not kinematically allowed in the p resonance mass 
region probed presently at the LHC. The left panel of figure 4 shows fhe impact of the modification of p 
couplings with third generation quarks through the coupling with fermion resonances on the branching 
ratios of p, for a specific choice of ^ = 0.1, Pp = 8 and the fermion mixing angle sin^^, = 0.2. One 
can notice that in the low nip region the decays of spin-1 resonances are dominated by decays into quark 
pairs. Let us now see what happens when the decays into fermion partners become kinematically allowed. 
The right panel of figure 4 shows fhe branching ratios of p, for a specific choice of ^ = 0.1, Pp = 8 and 
the fermion mixing angle sin^j;, = 0.2, in the case when the top partners mass mx ~ 0.8. One can see 
that the p resonance decays become dominated by decays into a SM quark and its composite partner as 
soon as the decay becomes kinematically allowed. For larger values of nip, when the decay into a pair 
of fermion resonances becomes possible, this decay channel quickly becomes dominant. 

Seeing these results, one immediately suspects that the p resonance width is also strongly affected 
by decays into fermion resonances. This is in fact the case, as one can see in the left panel of figure 5 
illusfrating the width to mass ratio Tp/nip as a function of the resonance mass for ^ = 0.1, sin 0^;, = 
0.2 and several values of pp. The overall width of p explodes as soon as the decay into two fermion 
resonances becomes possible. 

All these effects of the interactions between p resonances and fermion partners modifies the intrepre- 
tation of LHC limits on nip with respect to those presented in the previous section. The limits obtained 
in both cases discussed above, for mx ^ 2TeV and mx ~ O.STeV, are presented in the right panel of 
figure 5. One can notice that the limits are weaker than previously and no limits can be set when the 
decays into fermion resonance pairs become kinematically available. 

3 Conclusions 

Strong electroweak symmetry breaking can be tested at the LHC in many ways - by measuring Higgs 
boson properties, by constraining flavor observables and by direcf searches for fermion and vecfor reso¬ 
nances. In this note the effective description of spin-1 resonances and the resulting LHC phenomenology 
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Figure 5 - Branching ratios of p resonances including the effect of direct coupling to fermion resonances, for rtiT ^ 2TeV 
(left) and mr ~ O.STeV (right). 


has been discussed. Decays of spin-1 resonances, for moderate values of rup ~ 1 — 2 TeV, are often 
dominated by fermion pair production. Searches for dilepton resonances, due to small backgrounds, are 
presently sensitive to p resonances in this mass range. LHC is already probing the parameter space of 
vector resonances allowed by electroweak precision data. Searches for heavy vector mesons can be im¬ 
proved by taking advantage of the high of thoir decay products. The decay channel p ^ Vh (with 
boosted Higgs) is a promising channel for the search for heavy vector resonances. In order to improve 
searches for resonances related to strong electroweak symmetry breaking a better understanding of pos¬ 
sible interactions between vector and fermion resonances is needed. Such interactions can significantly 
modify couplings of p resonances to SM quarks. Moreover, if p decays into fermion resonances are 
kinematically allowed, they can easily dominate over all other decay channels and magnify significantly 
the overall decay width, making direct searches for spin-1 resonances at the LHC much more difficult. 
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